The title complex, [Lu 2 (C 17 
Crystal structure and catalytic activity of tetrakis-(l 2 -ethyl 2,6-di-tert-butyl-4-methylphenylphosphato-j 2 O:O 
0 bridging coordination modes with the Lu III ion being sixfold coordinated. The complex is of interest as a precatalyst in the acrylonitrile polymerization process and displays good catalytic activity under mild conditions.
Chemical context
Over recent decades, rare-earth complexes bearing organic ligands have been widely used as reagents or catalysts in organic synthesis and especially as catalysts or precatalysts in various polymerization processes (Kobayashi & Anwander, 2001; Kobayashi et al., 2002) . Rare-earth organophosphates and carboxylates have been successfully applied as catalyst precursors for 1,3-diene polymerization (see Friebe et al., 2006; Fischbach & Anwander, 2006; Nifant'ev et al., 2013 Nifant'ev et al., , 2014 Zhang et al., 2010; Jang et al., 2000; Kwag, 2002; Fischbach et al., 2006; Evans et al., 2001; Evans & Giarikos, 2004; Roitershtein et al., 2013; Wilson 1993) . The use of organic phosphates is not limited to the stereoregular polymerization of conjugated dienes.
Various lanthanide complexes have been applied in the polymerization of heteroatomic polar monomers, including polymerization of methyl methacrylate (Jiang et al., 2000) , racdilactide and acrylonitrile (Jiang et al., 1997) under mild conditions. Polymerization methods of obtaining polyacrylonitrile or acrylonitrile copolymers with other polar monomers, e.g. methyl acrylate, may require rather hard conditions (supercritical CO 2 medium) (Shlyakhtin et al., 2013; Shlyakhtin et al., 2014a,b,c H} NMR studies showed that formation of a binuclear complex occurred upon drying of the aqueous lutetium tris(phosphate).
Herein, we report on the crystal structure of the title Lu III tris(phosphate) complex (1), containing the disubstituted organophosphate ligand, and on the catalytic properties of 1 and its Nd analog 3 (see Fig. 1 ) in polyacrylonitrile synthesis under mild conditions.
Structural commentary
The title compound, 1, is a binuclear Lu III tris(phosphate) complex (Fig. 2 ) that crystallized as an n-heptane disolvate. The molecular structure of the complex is analogous to those of compounds 2-4. (Figs. 2 and 3 ). Most likely, the rather small coordination number for both Lu atoms (CN Lu = 6, a distorted octahedron) is induced by steric hindrance of the bulky disubstituted organophosphate ligand. Probably for the same reason, all of the phenyl rings are slightly bent along the C O -C Me line with folding angles ranging from 7.9 (6) (for the OAr substituent at P4) to 8.7 (4) (OAr at P2) for the bridging phosphates, as well as 6 (1) (for OAr at P5) and 7.4 (7) (OAr at P6) for the terminal phosphates. Complex 1 possesses the [Ln 2 (-OPO) 4 ] core (Fig. 4) Figure 1 Synthesis of {Ln 2 [(2,6-t Bu 2 -4-MeC 6 H 2 -O)(EtO)PO 2 ] 6 } 1.
Figure 2
Molecular structure of compound 1 with the atom labelling. Displacement ellipsoids are drawn at the 30% probability level. The solvent molecules and hydrogen atoms have been omitted for clarity.
Catalytic activity
The catalytic activity of binuclear organophosphate precatalysts was studied in the acrylonitrile polymerization reaction. The catalytic system was prepared from either 1 or 3, n-Bu 2 Mg and TMEDA (tetramethylethylenediamine) in a 1:12:12 molar ratio (Fig. 4 , Table 2 ), in accordance with the published procedure (Jiang et al., 1997) .
The catalytic system based on 1 (Ln = Lu) demonstrated a higher catalytic activity, than the system formed using the precatalyst 3 (Ln = Nd). Under equivalent conditions, the polymer yield was twice as high (entries 2 and 3, Table 1 ). The higher catalytic activity may be associated with the higher electrophilicity of the lutetium cation due to its smaller ionic radius. Obviously, electrophilic activation significantly accelerates the process, since in the absence of a substantial electrophilic influence (blank experiment, Table 1 , entry 1), polymerization proceeds much more slowly, yielding only 9.6% of the polymer as compared to neodymium (26.0%) and lutetium (48.6%). In the case of 1, the productivity of the catalytic system is much higher than that for earlier published systems (Jiang et al., 1997) , as well as having polyacrylonitrile characteristics which are close to those of commercially available polymers (textile fibres) or of obtained copolymers that may be used in high-quality carbon fibre production (Shlyakhtin et al., 2014a) .
Database survey
Crystal structures of di-substituted organophosphates of rare earths are poorly explored (Minyaev et al., 2017) . Usually, lanthanide organophosphates either do not have a definite composition but possess high catalytic activity or have established crystal structures but exhibit poor catalytic activity because of their coordination polymer structure. The crystal structures of tris(dialkyl/diarylphosphate) complexes of rare earths are mainly coordination polymers bearing a dimethyl/ diethylphosphate ligand (see the Cambridge Structural Database, V5.38, latest update May 2017; Groom et al., 2016) : {Ln[(MeO) 2 PO 2 ] 3 } 1 (Ln = La, CSD refcode: HEBDEX (Zeng et al., 1994) ; Nd, LAHREU (Lumetta et al., 2016) ; Sm, JEVVOV (Li et al., 1989) ; Eu, KIXGON (Li et al., 1991) ; {La[(MeO) 2 PO 2 ] 3 (H 2 O)} 1 (JIGVEA; Liu et al., 1990) ; {Ln[(EtO) 2 PO 2 ] 3 } 1 [Ln = Nd, BOVREJ and BOVREJ01 (Lebedev et al., 1982) ; Ce, JOGJEU and KETWUC (Amani et al., 2006) ; Pr, JOGJIY ]. Crystal structures of only three dimeric tris(phosphate) complexes, 2-4 mentioned above, are known 
Figure 3
Core atoms in {Lu 2 [(2,6-t Bu 2 -4-MeC 6 H 2 -O)(EtO)PO 2 ] 6 } 1.
Figure 4
Acrylonitrile polymerization reaction.
Synthesis and crystallization

General experimental details
The synthesis of 1 and polymerization experiments were carried out under a purified argon atmosphere. n-Heptane and C 6 D 6 were distilled over sodium wire. Acrylonitrile was distilled over CaH 2 prior to use. 2,6-Di-tert-butyl-4-methylphenyl ethyl phosphoric acid and complex 3 were synthesized according to literature procedures , 323 K), using universal calibration with a poly(methyl methacrylate) standard. The SEC data were determined by using Kuhn-Mark-Houwink constants for polyacrylonitrile.
Synthesis of complex 1
An aqueous solution of KOH (0.19 g, 3. 3 mmol in 5 ml) was added in small portions to a stirred suspension of 2,6-di-tertbutyl-4-methylphenyl ethyl phosphoric acid (1.01 g, 3.09 mmol) in 10 ml of water until the pH = 7. from 1 ml of hot heptane led to the formation of crystals of 1. Some of them were taken for X-ray studies. The remaining crystals were filtered off, washed with cold (273 K) heptane (2 Â 0.5 ml) and dried under vacuum, yield 0.08 g. The mother liquor was concentrated to 0.5 ml and cooled to ca 253 K overnight. This allowed the isolation of 0.11 g of precipitated crystals. 
Polymerization experimental details
Catalytic system preparation. The catalyst was obtained by addition of a 1.0 M heptane solution of Bu 2 Mg (2.4 ml, 2.4 mmol) to a toluene (7 ml) solution containing 0.2 mmol of either 1 or 3 (which is 0.4 mmol of Ln) and TMEDA (0.36 ml, 2.4 mmol). The total volume of the mixture was 10 ml. The mixture was heated at 323 K for 45 min.
Acrylonitrile polymerization. A glass reactor was charged with toluene (11 ml), acrylonitrile (2.19 ml, 33.4 mmol) and the prepared catalytic system (1 ml, containing 0.04 mmol of Ln) while stirring at 273 K. The initial acrylonitrile/Ln molar ratio was 835:1. After 1 h, the reaction was stopped by adding 1 ml of methanol. The polymer was precipitated by 50 ml of acetone. The precipitate was washed with a 1 M hydrochloric acid solution (2 Â 10 ml), water (10 ml), acetone (2 Â 20 ml), and dried under dynamic vacuum.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 3 . The hydrogen atoms were positioned geometrically (C-H distance = 0.95 Å for aromatic, 0.98 Å for methyl, and 0.99 Å for methylene H atoms) and refined as riding atoms with U iso (H)= 1.5U eq (C-methyl) and 1.2U eq (C) for other H atoms. A rotating group model was applied for the methyl groups. Twelve reflections (1 1 1; 1 0 1; 1 1 0; 0 1 1; 0 0 1; 0 0 2; 0 1 0; 0 1 1; 0 1 2; 1 0 1; 1 1 0; 1 1 1) were affected by the beam stop, and were therefore omitted from the final cycles of refinement. SADI and SIMU SHELXL (Sheldrick, 2015b) instructions were applied to restrain carbon atoms in the two heptane molecules. One heptane molecule exhibits rather high thermal motions of carbon atoms (C110-C116). The associated disorder could be adequately modelled by using the residual electron densityÁAs a result of these high thermal motions, the final crystallographic model displays rather small intermolecular HÁ Á ÁH distances for two neighbouring methyl groups (atoms C110) of inversion-heptane molecules. 
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Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > 2sigma (F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger. 
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